Human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency virus (SIV) are both members of the lentivirus subfamily of retroviruses. HIV-1 is an etiologic agent of AIDS in humans (7) , and SIV can infect nonhuman primate hosts and induce an AIDS-like disease in some non-African primates, such as rhesus macaques (31) . On the basis of the overall genome organization, nucleic and amino acid sequence homology, and immunological cross-reactivity of the major viral proteins, isolated SIV strains are closely related to HIV-2, and these viral isolates form a distinct lentivirus subfamily, while HIV-1 strains form a second subfamily (9, 13, 22, 25, 30) .
As do other retroviruses, HIV-1 and SIV contain gag,pol, and env genes which encode viral structural proteins and proteins that function in nucleic acid replication (28) . In addition, these lentiviruses possess at least six additional genes that modulate viral replication (28) . Furthermore, as with other retroviruses, the terminal regions of HIV-1 and SIV DNA and RNA contain cis-acting sequences important for steps in nucleic acid replication, including transcription and polyadenylation, encapsidation, initiation of reverse transcription, and DNA integration (28, 31) .
Efficient and specific encapsidation of viral RNA by the assembling virion particle is an essential step in the retrovirus life cycle. In this process, full-length, unspliced genomic RNA is preferentially packaged, whereas spliced viral RNA and cellular RNA are generally excluded from nascent particles (53, 56) . Analysis of diverse retrovirus species, ranging from type C oncoviruses (2, 37, 42, 43, 55) to HIV-1 (3, 8, 10, 35) , indicates that a necessary cis-acting sequence essential for packaging of viral RNA is located in the untranslated leader sequence of the viral RNA immediately proximal to the gag gene. In addition, for at least some retroviruses, the 5' end of the gag gene (2, 4) , the 5' end of facilitate encapsidation in conjunction with the untranslated leader. However, in the type C viruses these latter sequences are secondary to the untranslated leader and apparently serve to augment packaging, since the untranslated leader is sufficient to direct efficient packaging. The nucleocapsid and matrix domains of the Gag precursor protein appear to be required for recognition and encapsidation of viral RNA (17, 24, 29, 32, 33, 39, 45, 47, 48, 50, 52, 54) .
HIV-1 and SIV share no obvious sequence homology in their putative encapsidation (E) regions. To investigate the nature of the cis-acting lentivirus encapsidation signal and to see whether RNA pseudotyping can take place, we asked whether HIV-1 particles can package and propagate SIV RNA. This analysis indicates that HIV-1 particles can package and functionally propagate SIV RNA. Surprisingly, a relatively short region encompassing only about half of the untranslated leader was sufficient for efficient encapsidation. This region includes the Tat-responsive element (TAR), the U5 sequence, the primer-binding site (PBS) used in the initiation of minus-strand reverse transcription, and only about 90 additional nucleotides. While there is little similarity in the primary sequences of HIV-1 and SIV in this region, similar secondary structures are highly likely.
MATERIALS AND METHODS
Nucleotide designations for SIVmac strain 239 are based on the published SIVmac 239 DNA sequence (31) ; the first nucleotide of U3 corresponds to nucleotide 1.
Vector construction. All plasmid constructions were made by standard molecular cloning techniques (41) . Construction of pTR150 and pTR150AKpn was achieved through several cloning steps. First, an SphI-to-PstI fragment from p239SpSp5' (31) was subcloned into pIC20H (44) 
RESULTS
Successful replication of SIV nucleic acid mediated by HIV-1 would require the recognition of cis-acting sites on SIV RNA by HIV-1 proteins. These sites include the E region (required for efficient incorporation of viral RNA into assembling virion particles), the PBS, and the polypurinetract (PPT) (required for initiation of reverse transcription following infection) and attachment (ATT) sites (required for integration of the viral DNA into the host cell genome). Figure 1 indicates the relative locations of these cis-acting sites in the viral RNA and DNA for HIV-1 and SIV. Comparison of the primary nucleic acid sequences of SIVmac 239 (31) and HIV-1(NL4-3) (1) indicate sequence identity in the PBS and PPT of both viruses (Fig. 1B) . In addition, the ATT sites of both viruses exhibit extensive identity. However, the U5 ATT component of SIV contains either one or two additional nucleotides at the terminus (Fig. 1B) . In contrast, there is no obvious sequence similarity in the region corresponding to the E region. However, the overall lengths of the leader region of the RNA between the PBS and the gag gene are similar.
We constructed parallel HIV-1 and SIV vectors, examined the propagation of these vectors over a single cycle of replication following trans complementation with HIV-1 proteins, and analyzed the encapsidation of the viral RNA by direct methods. Plasmid KT81 is an expression construct containing all of the HIV-1 genes except nef (Fig. 2) . Expression is attained from the human cytomegalovirus (Fig. 2) . This vector contains all sequences known to be required in cis for replication, including the E region, PBS, PPT, ATT, as well as the RRE. TR150 and TR170 are SIV vectors analogous to the HIV-1 vector; however, TR150 lacks an RRE region (Fig. 2) .
To determine whether SIV RNA can be successfully propagated via HIV-1 particles, CosM6 cells were transiently cotransfected with KT81 along with TR150 or TR170, virus was harvested, CD4+ HeLa (HeLa T4) cells were infected, and these cells were selected with hygromycin B to identify successful infection events. As expected, transcomplementation of the HIV-1 vector TR167 by KT81 was readily observed over a single round of replication (Table 1 ). In addition, the SIV vectors TR150 and TR170 were also propagated through HIV-1 particles. However, the efficiency of propagation of both of these heterologous vectors was about 10% of that of HIV-1. These data indicate that SIV RNA can be encapsidated and transferred to cells by way of HIV-1 particles but less efficiently than HIV-1 RNA.
Since there is no obvious primary sequence similarity between the E regions of HIV-1 and SIV, we attempted to identify the region of SIV RNA that can serve as a recognition site for packaging into HIV-1 particles. In addition, we directly examined SIV RNA incorporation into HIV-1 particles and characterized SIV proviruses that arose through RNA pseudotyping. The 5' leader region of retroviral RNA has been invoked to function as the primary cis-acting region necessary for RNA encapsidation into assembling virus particles. Therefore, derivatives of TR150 and TR170 that contain deletions of this region were constructed (Fig. 2) (Fig. 2) . Finally, TR174 lacks all proximal SIV sequences and is deficient in the PBS and the AIT site as well as the putative E region (Fig. 2) . This last construct was used to determine whether mRNA that was initiated from the SV40 promoterenhancer and that expresses the Hygr gene was propagated through HIV-1 particles by retrofection (16, 38) .
The overall propagation of these SIV vector derivatives over a single replicative cycle was analyzed by trans complementation with HIV-1 proteins expressed from KT81 as previously described. TR173 and TR174 did not yield detectable Hygr colonies ( Table 1 (Fig. 3A) . To (Fig. 3B) . Therefore, the terminal 5' end of the SIV genome serves, either intrinsically or in conjunction with sequences in the 3' end of the genome, as a recognition sequence for encapsidation by HIV-1. Although TR173 analysis with anti-p24 antiserum indicated that similar amounts of virus were present in parallel samples (Fig. 3C) . Moreover, the amount of physical virus produced from these transfections appeared to be similar to that of virus produced from transfections in which the infectious titer was high, as assayed by pseudotyping with envelope glycoprotein from an amphotropic murine leukemia virus (-5 x 104 infectious units/ml) (data not shown). (The reason for the difference in titer between the two assays is probably that the infectious titer can be increased by pseudotyping with envelope glycoprotein from an amphotropic murine leukemia virus [23] .) In any case, the results of the Western blot indicate that KT81 is able to direct the efficient production of physical particles.
To ensure that proviruses that arose from pseudotyping and subsequent replication of SIV RNA by HIV-1 exhibit the expected overall structure, proviruses from five independent infection events were analyzed. Genomic DNA from individual Hygr colonies resulting from infection by TR150AKpn was digested with NdeI and examined by Southern blot analysis with a vector-specific probe (Fig. 4) . There is one NdeI site in both SIV LTRs as well as an internal site in the vector. Hybridization analysis detected two fragments of the expected sizes for all five SIV proviruses. Thus, the proviruses are of the overall expected structure and size, and propagation of TR150AKpn did not occur through anomalous recombination with HIV-1 sequences present on KT81.
Since only a small segment of the 5' end of SIV RNA is necessary for encapsidation and since the corresponding region of the HIV-1 genome lacks obvious primary sequence similarity, we searched for similarity in secondary structure. Previous extensive analysis of the TAR element has provided strong evidence for TAR stem-and-loop structures in HIV-1 and SIV (6, 14, 19, 26, 34) . In addition, mutational analysis of the avian leukosis virus leader region indicates that there is likely to be a U5-leader stem in that virus which augments the initiation and elongation of minus-strand reverse transcription (11) . In this structure, the PBS is not intramolecularly base paired but is instead available for hydrogen bonding with the tRNA that serves as a primer for reverse transcription. A similar structure has been proposed for the corresponding region of HIV-1 on the basis of results with avian leukosis virus (11) .
A free-energy minimization program was used to predict secondary structure in the SIV RNA leader region present in TR150AKpn; the program was specified to form the TAR stem-and-loop structure as well as the putative U5-leader stem (see Materials and Methods). This yielded the overall secondary structure shown in Fig. 5 . The region features three general stem-and-loop structures. From the 5' end of the viral RNA, these are the TAR element, a second loop designated the R-U5 loop in Fig. 5 , and a long U5-leader stem-loop. Analysis of the corresponding region of the HIV-1 genome by using the same constraints as for SIV again yielded three stems and loops derived from the same segments of the viral leader RNA (Fig. 5) . Thus, the leader of both viral RNAs can be subdivided into three sections on the basis of potential secondary structure, and one or all (36) . Finally, the observation that HIV-1 proteins can recognize the SIV encapsidation sequence indicates that the encapsidation signals of these two viruses are similar in some way.
The primary nucleic acid sequence that corresponds to the encapsidation of SIV is not similar to that of HIV-1. However, on the basis of the known secondary structure of the TAR element in the leader (6, 14, 19, 26, 34) , the likely presence of a U5-leader stem and loop (11) , and a freeenergy minimization computer program, it is likely that a similar secondary structure is present in both viruses (Fig.  5 ). This region in both SIV and HIV-1 contains three distinct putative hairpin loop regions. A likely secondary structure for a different portion of the HIV-1 leader RNA has recently been reported (27) . However, this structure is derived from a region of the HIV-1 leader that is wholly downstream from the corresponding region of SIV which we have shown to facilitate RNA encapsidation. We think that it is likely that this downstream region may also facilitate encapsidation, but such a structure cannot be responsible for the recognition of SIV RNA by the HIV-1 proteins that we observed.
Since the terminal 422 nucleotides (including only 92 nucleotides downstream of the PBS) of SIV RNA facilitate encapsidation, we believe that intramolecular interaction within this region alone is sufficient to form an encapsidation signal. However, we think that it is very likely that sequences downstream from the U5-leader region do augment encapsidation, since the region that we have identified as an E region lies upstream of the splice donor site in the leader; efficient retroviral nucleic acid replication would be expected to mandate specific packaging of full-length RNA and general exclusion of spliced viral mRNA, so there is almost certainly a mechanism to exclude the spliced lentivirus mRNA. Nonetheless, SIV RNA containing only the upstream signal in the untranslated leader is efficiently incorporated into HIV-1 particles (Fig. 3) . We cannot formally rule out the possibility that the 3' end of the genome also contains signals necessary for encapsidation. However, since the 5' end of the genome of some type C retroviruses is sufficient for the encapsidation of RNA (16, 38), we do not think that it is currently warranted to invoke a role of the 3' end in lentivirus encapsidation.
Deletion of nucleotides that encroach on the downstream stem of the putative U5-leader abrogated encapsidation of SIV RNA (see the TR173 and TR174 virion preparations in Fig. 3) . Therefore, this component of the viral RNA appears to contain a crucial element that serves as a packaging signal.
SIV and HIV-1 RNA both appear to be encapsidated at similar efficiencies by HIV-1 proteins (Fig. 3) . However, full replication of the HIV-1 nucleic acid was significantly more efficient for HIV-1 RNA than for SIV RNA (Table 1 ). This likely indicates that some other step(s) in nucleic acid replication is less efficient for the heterologous genome. Since the PBS and PPT sequences for the two viruses are identical, it is unlikely that efficiencies of minus-and plusstrand initiation are different, unless subtle differences in the U5-leader stem and loop (Fig. 5) affect the efficiency of reverse transcription (11) . The ATI sequences for the two viruses, present at the LTR termini, are similar but not identical. Therefore, it is possible that integration of SIV DNA, mediated by HIV-1 proteins, is not as efficient as that of HIV-1 DNA.
Since we have identified a relatively short region that can facilitate encapsidation of SIV RNA, and since the corresponding region of HIV-1 RNA potentially forms a similar structure, it should be possible to identify and characterize in detail this determinant of lentivirus RNA that is important for encapsidation. Experiments to determine whether the putative higher-order structures form and whether they are functionally important for encapsidation are under way.
